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RHEOLOGY OF SILICA BASED INKJET COATINGS
AND THEIR FILTERABILITY
Peeyush Tripathi, M.S.
Western Michigan University, 2002

Coating rheology has long been understood to be a key factor in the
smooth operation and performance of a coater. As coaters run faster and
formulations become more complex, the demands on a coating's rheology
grow more stringent.
Silica based coating formulations present unique rheological
challenges, thus providing the opportunity for coating formulators to
improve their performance through rheological studies under various
conditions of shear. Due to rheological restrictions (gelling), silica based
coatings are generally applied at 25-26% solids which is very low as
compared to calcium carbonate or clay based coating, at 68-70% solids.
Consequently, any improvement in coatings solids will lead to enormous
savings in dryer energy. In this study the rheology of various silica-based
coatings were characterized. The effect of three important coating
parameters: total solids, pigment to binder ratio, and pigment type on
rheology were studied.
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1. INTRODUCTION
�oday's environment, much of the small order color printing market is being shifted
from the commercial printer to the home and offic�In" response to these demands,

OEM manufacturers are making available home/office printersGhich print faster and
compete with the image quality of photographic image3�ut as printer speeds

increase, faster drying coating media is required to keep pac� his necessitates the

use of coating structures with high absorbency and acceptable ink densitie� ilica is
an ideal pigment to produce such coatings as it provides a porous coating matrix,

which has an inherently high absorbency and is fairly transparent. The transparency is

needed to save the color tinctorial strength even if the color penetrates into the

coating !attic;]

As the requirements on the coating properties become more stringent,
manufacturers continue to vigorously explore formulation parameters,
which can be manipulated to optimize the performance of the coatings on
and off the machine. Research to investigate the inter-relationship
between the surface and optical properties of coated paper to various
processes and material variables have been performed. Previous studies
have shown that the rheological properties of a coating can be used to
predict the performance of a coating during handling and application.
However, due to their complexity, little work has been done with silica
based coating systems. Thus, a better understanding of the rheological
properties of silica based coating systems is needed to explore the
possibilities for process and product improvement.

[2]

.: '

Silica based coating formulations present unique rheological challenges.

\§ilica based coatings are generally applied at 25-26% solids which is very

low as compared to calcium carbonate or clay based coating, which can be

prepared at high solids (68-70+%) solic§ �he coatings are limited to low

solids due to the tendency of the coatings to gel at higher solid] @elling

results from the strong interaction of the silicas with the coating binde�

polyvinyl alcohoy Solids are reduced to lower the coating viscosity. This
leads to slower coater speeds and higher drying loads. Therefore, any

improvement in the coating solids of silica coatings will lead to enormous

cost savings in drying. A better understanding of the rheological

properties of silica based coatings holds the key.

In this study the rheological properties of silica based coatings are

characterized. The effect of solids, pigment to binder ratio and pigment to

pigment ratio were studied. The results provide useful information for

coating formulators working with silica based coatings. The influence of

several coating parameters on the rheological performance of silica based

coatings is revealed.

2. DISCUSSION
2.1 Rheology Basics
Stress:

The deformation resulting from the application of a force to a body is

dependent on the total force per unit area, rather than on the force itself.

Thus, in considering the rheological behavior of fluid systems, the term

stress, cr, is invariably used to define a force per unit area.

[3]

A component of the stress acting parallel to the plane surface of a body is
known as the shear stress. When an applied force provides a shear stress
to the upper surface of a cubic volume element of a material, then an
equal and opposite force must develop on the opposite surface, if the
system is to remain at rest or in steady motion. In addition, an equal and
opposite couple is required to act on two other faces of the element in
order to constrain the system and prevent angular acceleration. During a
rheological experiment, these additional stresses are usually provided by
the internal forces acting within the material under consideration
[Whorlow (1992)].
The stress distribution in a fluid system is conveniently described in
terms of components referred to as a fixed set of rectangular Cartesian co
ordinates. The common notation used in the description of the stress
components, acting on a cubic volume element of the material in question,
takes the form

Chy,

where the first subscript refers to the orientation of the

plane considered and the second to the direction in which the force acts.
Strain and Strain Rate:
In a simple shear strain situation, successive layers of material move, in
their own planes, relative to a stationary reference layer. This corresponds
to a perfect laminar deformation, such that the displacement of each plane
is directly proportional to the distance from the reference layer. The
relative displacement, dl, of two successive layers divided by their
separation, l, is termed the simple shear strain, y. In simple shear strain
events, there is no change in length in the directions perpendicular to the
plane of shear. Lines which are mutually perpendicular are rotated

[4]
through an angle, 0, such that if the deformation is relatively small, dl is
approximately equal to 0 expressed in radians. In situations where there
is no ambiguity, the simple shear strain may be referred to as the "shear
strain", "shear" or "strain".

The instantaneous rate of strain or "shear rate", Y, is defined as follows:

Y = dyldt
If the flow is non-turbulent (laminar), a layer of distance, l, from the
reference layer, moving with a velocity, v, will travel a distance dl =
(dv/dl)dt, in an infinitesimal time, dt, i.e.:

>' = dv/dl
Thus, in the case of non-turbulent flow, the shear rate may be identified
with the velocity gradient across the material [dv/dl].

The steady shear flow described above is conveniently defined in terms of
velocity components, referred to the fixed rectangular Cartesian co
ordinates, i.e.:

Y =dvxldz

Here, dvx, represents the velocity component in the direction of flow. Note,
that in laminar steady shear flow, the velocity components, dvx, dvy, which
represent velocity gradients in mutually orthogonal directions, are
necessarily zero.

[5]

Properties of Liquids - Viscosity:
When a shear stress, -r, is applied to a body confined between two parallel
plates, the action results in a deformation of the material, defined by a
shear strain, y. If, on removal of the applied stress, the strain generated
does not return to zero, then flow is said to have occurred. Whorlow
(1992) has suggested that, where flow is observed in such a system, the
system should be classified as a liquid, even in situations where the
applied stress is infinitesimally small. The most simple, which may be
used to define the flow of a body under steady shear, takes the general
form:

cr = T] a(dv/dt) n
For a perfect Newtonian liquid, the above expression takes the form:
cr = ri(dv/dt)
where ri is defined as the "coefficient of viscosity", or simply the viscosity
of the system.
The formal definition of a liquid which exhibits perfect Newtonian
behavior, therefore, implies the existence of a linear relationship between
the applied stress and the resulting rate of deformation, the viscosity
remaining constant irrespective of the applied stress. Also, the viscosity is
seen to be constant with respect to the time of shearing, thus, the stress
acting within the system falls instantaneously to zero as shearing is
ceased. The only stress acting in this case is the shear stress. Hence, the

[6]
shear stress is commonly denoted simply by cr, the subscript notation
being omitted.

For the majority of coating formulations, the above relationship holds only
for very small applied stresses and the steady shear viscosity, ri, is a
function of the rate of deformation [dv/dt].

In addition, many systems of industrial importance may exhibit time
dependent effects in which the viscosity,ri, varies as a function of the
duration of shear, i.e. thixotropy.

Properties of Solids - Elasticity:
If we adopt the above definition of liquid behavior, then it follows that a
solid may be defined as a material that is not observed to undergo flow
under the influence of the applied shear stress. A solid-like response to an
applied stress may be described as follows:

CJ= K(y)n

For a material exhibiting perfect Hookean behavior the above expression
takes the form:

CJ= K(y)

implying a linear relationship between the applied stress and resultant
strain, characterized by the shear modulus, G'. The application of a shear
stress to a perfect solid results in an instantaneous deformation, which
persists as long as the stress is applied. On removal of the stress, the

[7]
system undergoes an instantaneous recovery to a state of zero strain, so
no flow has occurred.
2.2. Viscoelasticity
With the development of rheology as a practical science it became
apparent that the two classical extremes describe the behavior of real
systems under a very limited number of experimental conditions.
For example, if no recovery of strain occurs on the removal of an applied
stress from a material, then purely viscous behavior may be assumed. The
occurrence of a partial recovery of strain, however small, is indicative of
an elastic component in the response of the system. Such materials may
be classified as "elastic liquids". Conversely, if an instantaneous recovery
of strain is not observed on removal of an applied stress from a "solid"
body, it is apparent that there is a viscous component to the response of
the system. Such systems may be regarded as "viscoelastic". In general,
the term viscoelasticity finds use in the description of behavior that falls
between the classical extremes defined above, irrespective of whether the
material of interest exhibits a "fluid", "solid-like" or "liquid-like" response.
Which type of behavior dominates is strongly influenced by the magnitude
and duration of the applied stress. Many materials are seen to exhibit a
linear response with low applied stresses. This implies proportionality
between the applied stress and resulting strain (or rate of strain).
However, this relationship is seen to break down if the system is forced to
undergo large deformations.

.;

2.3 Viscoelasticity of Coating Colors by Oscillation Studies

The theory of oscillatory studies and their application in the analysis of
wet coating structure will now be discussed. Although most pigmented
coatings are non-linear viscoelastic colloidal suspensions, if their storage
and loss moduli are measured in the linear viscoelastic regime, the theory
of linear viscoelasticity can be applied. For these concentrated
suspensions in a Newtonian fluid, particle-particle interactions are
responsible for the elastic response, which decreases drastically with
strain and shear. The amplitude sweeps clarify differences in structural
strength as the critical strains are obtained. This strength in a wet
coating color can arise from several sources i.e. polymer-pigment or
polymer-polymer interactions, or from electrolyte induced aggregation or
flocculation. As reported in the case of clay and CMC the critical strain
value decreases with increased co-binder addition. This might be analyzed
in a way that when there is more polymer present and the elasticity of the
total wet structure is increased it is easier to create disorder, i.e. the
critical strain is decreased. When there are more bonds available some of
those are easily broken down even at low deformation. The instrument
manufacture actually reports that as the inner structure of stiffer
substrates breaks down sooner, stiff gels show cracks with smaller
strains. The actual network structure of various systems has remained
unclear but more elastic behavior is observed at low shear and
deformation.

From frequency sweeps it is possible to evaluate the viscoelasticity of the
wet coatings. Coating color viscoelasticity is regarded to affect the leveling
properties of a coating. Some researchers consider viscoelasticity as a key

[8]

[9]
factor affecting the runnability of a coater. Clay coating colors can be
regarded in general as more elastic than carbonate coatings at the same
dry solids content and similar binder additions. Ground carbonate
coatings seldom seem to be elastic whereas clay coatings are almost
always elastic. Huang et al. reported that precipitated calcium carbonate
slurries exhibit low yield stresses i.e. low elastlcity, especially if no extra
Ca+2 ions are added. For elastic coatings, the storage modulus, i.e. G', is
clearly above the loss modulus, G", indicating a more solid like behavior.
2.4 Rheology - Basic Equations
Rheology is the study of the deformation and flow of matter. Deformation
is caused by applying a stress to a solid:

where 'Y= strain, G= rigidity modulus, and T= stress.
As long as the stress is applied, a Hookean solid remains in its deformed
state and returns to its original state for zero stress.
Flow is the result of an applied continuous strain to a liquid:

where>'= shear rate (=d1'/dt) and 'fJ =viscosity.
A Newtonian viscous liquid flows as long as the stress is applied.
Most real materials consist of both elastic and viscous properties. They
display either one behavior or a simultaneous combination of both, so
called viscoelasticity. Which property is the dominating one depends on

[10]
several parameters like stress, duration, temperature, time and kind of
material investigated.
A typical Newtonian behavior is displayed by conventional dissolved
alkyds. For Newtonian materials, the viscosity remains independent of
the shear rate (Fig. 2.1). Since the alkyd molecules are dissolved readily,
there appears to be no settling at zero or low shear rates and the viscosity
can be held at a low level for easy application at high shear rates. Water
borne dispersion coatings need to have high viscosity in the low shear
region to avoid settling and instability during storage and transport (part
I). On the other hand, they need to have low viscosity in the shear rate
region, which corresponds to the point of application (part Ill). This
behavior is called shear-thinning or pseudo plasticity. Typical shear rate
dependent areas (part I and II) are demonstrated in figure 2.1. Settling
and instability is caused by the dispersion itself. The aggregates are
separated to avoid flocculation and they are sensitive to gravity because of
their size. Therefore, the aggregates have to be stabilized through steric
and/or and electrostatic repulsion.
During the drying process, different rheological properties of water-borne
dispersions will occur. Since the volume fraction of dispersed molecules
increases with evaporation of the fluid phase, the viscosity increases too.
For paints, the viscosity first remains cpnstant and than spontaneously
increases at a coagulation point (Fig. 2.2).
Transforming that to a shear rate dependant function of viscosity means:
The viscosity at high shear rates (part III, application area) should

[11]
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Shear Rate
Fig. 2.1. Viscosity as function of the shear rate for systems
with Newtonian, shear-thinning and shear
thickening behavior.

increase again. Such an increase in viscosity with increasing shear
rate is called shear thickening (or dilatancy) (Fig. 2.1.). Shear
thickening behavior is typical for shear induced systems which
undergo structural ordering under shear.

Since in alkyd-paints the viscosity in part II is very low, flow and leveling
allows the formation o� film surfaces free of brush-stripes. For dispersion
based paints, this area reflects the transition between high viscosities
needed in part I (storage stability) and low viscosities necessary in part III
(application). As soon as the stresses of application disappears the
viscosity increases to its zero-stress value. This "frozen state" results in

[12]
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Fig. 2.2. Viscosity of an alkyd and dispersion based coating
material as function of the volume fraction and
drying evaporation.
poor flow and leveling. The process of dissolving the network through
shear stress then needs the same time as to reconstruct this network. All
networks, which are not only formed by simple entanglements or
electrostatic repulsion, e.g. associative polymers, show differences
between dissolving and reconstruction of their aggregation points. This
time-dependent process can result in a slower(= thixotropic behavior) or
faster(= rheopectic behavior) recovery of structure with decreasing shear
rate. Rheopexy can be used in structuring paints and plasters where
structures that are formed during application will be held and frozen until
film formation is completed. A thixotropic behavior supports storage
stability at zero shear and a slower structure reformation which results in
better flow and leveling. Fig 2.3 shows the salvation(thixotropy) and
reconstruction(rheopexy) of structure with time at applied constant
shear.

[13]

Tbi:xotropy

Time
Fig. 2.3. Time dependent viscosity of systems with
thixotropic or rheopectic behavior.

Time dependent shear ordering or shear disordering viscoelastic behavior
always depends on the degree and duration of deformation applied. To
discuss both parts of viscous (liquid-like) and elastic (solid-like) behavior
of a certain system the deformation has to be low enough to prevent
destruction of the basic structure. This situation can be displayed by
recording the time dependent parameters of elastic and viscous behavior
of samples under periodical shear. This frequency dependent
measurement is shown in the double-log-plot in Fig. 2.4 (classical Maxwell
element). Because of the periodical shear of the sample all parameters are
in a complex form: The parameter I 'lJ*

IG*I
lrrl'I =-
w

I

is the complex viscosity

[14]
with

I G* I

being the complex shear modulus and w angular frequency,

which remains constant at low frequencies. The complex shear modulus

G*=G'+

iG"

consists of the storage modulus G', contribution of elastically stored
energy, and of the loss modulus G", contribution of viscous lost energy .

+(n)

........ ··•--*•-----
·�...·�
"',,�"II..
..
.._�-.

�#- ... ..
'

". •·

Log (Angular Frequency)
Fig. 2.4. Double-log-plot of the complex viscosity, the storage
and loss modulus as function of the angular
frequency for a Maxwell element.

Both G' and G" show a crossover at a certain frequency. Below the
crossover, at low frequencies, viscous contributions dominate and the
substance is movable enough to allow good flow and leveling. Above the
crossover G' dominates G" and elastic properties are the main part of
contribution. In some cases G' always will be at a higher level than G"
even for low frequencies. Such systems, essentially solids, consist of very
high inter-particle interactions and behave strongly elastic. There is a

[15]
yield point, which means that a certain stress is needed before the system
starts to flow. Yield stresses prevent settling and storage instability but
also decreases the ability of good flow and leveling.

2.5 General Equation of Rheology

Based on the scaling arguments of Leighton and Acrivos (1987), Phillips,
Armstrong and Brown (1992), developed a constitutive equation for the
concentration of particles that depends on the shear rate characterizing
the suspension. In this model, the suspension is treated like one single
continuous phase, the flow of which is governed by momentum and mass
conservation equations

Ps ( � + v · grad v)

=

-grad p + div(17.s( grad v + grad v')),

(5)

(6)

div v = 0,

Where 'fJs, the apparent viscosity of the suspension, is modeled using the
Krieger-Dougherty empirical correlation:

IJs = JJJ

(

ct, )-L&"l

1<l>m

(7)

In this equation, <Pm is the maximum particle concentration in the
suspension and¢, the unknown concentration, satisfies the following
advection-diffusion equation proposed by Phillips et at. (1992):

[16]
�� =

!

Kc div(</,� grad y + cpy grad</>)+

•(
�

a2
</>2 y 011s
grad </> ,
Kri div
4
� o<J,
)
,r

(8)

Where D<P!Dt = fj</,J{}t, + v·grad ¢ is the material derivative and where Kc
and K"J are empirical constants. Equation (8) is based on the fact that
particles migrate from regions ofhigh shear rate to regions oflow shear
rate and from regions ofhigh concentration to regions oflow concentration
(Phillips et al., 1992). Equations (5), (6) and (8) are completed with the
following boundary conditions:

n·

(

Kc¢ grad(;y<J>) + K,,

cf:. · o
>' : grad</> = 0,
'Is 0
)

(9)

The Dirichlet or Neumann boundary conditions in velocity;
implies a zero total flux through the boundary;
<P=C, the average concentration, at t=O. Empirical constants Kc and Kl}
were determined from experimental measurements ofthe concentration
profile in Couette (Phillips et al., 1992) and Poiseuille flows (Lyon & Leal,
1998). Since their values were found to be almost identical in both cases,
the same values, Kc = 0.41 and K"J= 0.62, were used for all the simulations
in this work.
The Migration Number
In the case ofsteady-state fluid flow without advection, equation (8) can
be written as,

� div(</>' grad y + <l>Y grad</>) + div (</>;}' :; grad

<I>) -

[17]

0,

The equation clearly shows that what really matters is the value of the
ratio Kcll('f} and not the single values of Kc and K.'T}. In the more general
case where flow is transient or when the transport term is added to the
concentration equation, this statement is no longer true. Some recent
experimental results on the transient case in a couette flow using NMRI
showed that the time required to reach steady state is not proportional to
a 2 as implicitly applied in the model of Phillips et al. (1992) but rather to

a 3 (Tetlow et al., 1998). These authors also observed that constants Kc and
K.'TJ depend on the average concentration of the medium.

It can be concluded from these observations that research work is still
needed before the shear-induced migration model can be used to simulate
quantitatively the motion of particles in the case of transient and
advection-dominated suspension flows. However, it is possible that the
shear-induced particle model can provide guidelines as to the motion of
particles in non-trivial flow systems. In fact, instead of relying on one
single simulation to study the hydrodynamics in a flow system, it is
proposed to that a series of simulations be carried out in which the time is
varied to determine the relative importance of the shear-induced
migration. To this end, we introduce a dimensionless number, the
migration number,

Claf·(VJD)/D
(
=
.
.
N :m.1g
�•

ID

2

(Cla 2,
D )

[18]
J. -B. Ritz, F. Bertrand F. Thibault, and P.A. Tanguy proposed the binder
migration model shown. In this model equation, the particle size and
Reynolds number are the predominant factors that affect the extent at
which migration occurs in a short-dwell coater. In particular, it is shown
that increasing the Reynolds number amplifies the migration phenomena
and the formation of high concentration zones· within a ring located in a
vortex just before the nip. Such a concentration overshoot may then be
dragged into the nip, resulting in runnability problems such as web
breaks or coating color spitting.

3. SILICON DIOXIDE (SILICA)
3 .1. Types of Silica
Highly structured amorphous silica is used by the paper industry for their
unique absorptive properties. Amorphous silicas are classified as
colloidal, fumed, precipitated and gelled.
Colloidal silica is a stable dispersion of non-porous particles in water.
These particles are termed primary because they are composed of dense
phase silica which can range in size from roughly 10 -100 nm (Raja,
1999). Porosity in coatings comprised of colloidal silica arises from the
packing of the particles. Surface area is thus very important to the liquid
volume uptake of these coatings.
Fumed, pyrogenic silica is produced by the flame hydrolysis of silica
tetrachloride or tetrafluoride. The high temperature hydrolysis of

[19)
chlorosilanes was developed in the late thirties for the production of
extremely fine particle sized amorphous silicon dioxides. The aim was to
achieve an alternative to carbon black as a filler pigment for rubber. This
group of products was hardly suitable for the original application in mind,
however the high temperature hydrolysis process did allow oxides to be
produced in a "dry" form with a particle size of few nanometers. Until
then, this had only been possible in an aqueous phase in the form of
hydrosols. It enabled specific average primary particle sizes to be
controlled within a range of approximately 7-40 nm. This corresponds to
specific surface areas of 50-300 m2/g.

Precipitated silicas are conceptually similar to fumed silicas, only the
primary particles are precipitated from solution. Fumed and precipitated
silica agglomerates, thus resemble clusters of grapes on a molecular scale
(Raja, 1999).

Silica gels are unique in that they consist of small primary particles (24
Angstroms) which are welded together chemically to give three
dimensional structure that is inherently porous. They are produced
through an agglomeration process under conditions where the silanol
groups on the surface o the small primary particles come together and
condense to form siloxane bonds. As a result, this pigment has a three
dimensional network structure. The network entrains water, yielding a
rigid gel like material having a large internal porosity. The net work is
then aged and dried to maximize the formation of the siloxane bonds.
After aging, the structure resembles a sponge on the molecular scale.

[20]
3.2 Rheological Aspects of Silica
In polymer solutions, adsorbate structures develop as a result of the
interaction between the macromolecules and the surfaces of the silica
particles. Depending on their stability and their space-filling capacity,
these structures can greatly influence the rheology of the coating. The
silanol groups act as the principal adsorption centers. Macromolecules are
able to attach themselves in a tightly wrapped manner around the
surfaces of the silica, with relatively high silanol group densities of
approximately 2-3 nm. The adsorbates space-filling capacity influences
the rheology of the system. Apart from the adsorbate structure, the
agglomerate size (i.e. distribution of agglomerate sizes) obviously also
plays a part in determining the rheological properties.

4.0 POLYVINYL ALCOHOL (PVOH)
4.1 Types of PVOH
Rheological properties of a number of aqueous solutions of a polyvinyl
alcohol (PVOH) show a strong function of the degree of polymer
hydrolysis, ambient temperature, pressure and variations induced upon
the addition of electrolytes to these solutions. Past investigations showed
the rheological behavior of these aqueous PVOH solutions depend more on
the relative strength of the hydrogen bonding existing between the
polymer chains and water molecules, than the inter and intra chain
hydrogen bonds. Changes in temperature, pressure, degree of hydrolysis
of the PVOH, and the addition of electrolytes produced a corresponding

[21]

effect in varying the types of hydrogen bonds formed, consequently
changing the rheological properties of the PVOH solutions.
Polyvinyl alcohol (PVOH) was one of the first synthetic polymers to be
produced on a large scale commercially and has been developed and
utilized in various industrial applications. Amongst these are the uses of
PVOH as an emulsifier and as a stabilizer for colloid suspensions, as a
sizing agent and coating in the textile and paper industries, and as an
adhesive. The control of the viscosity of aqueous PVOH solutions is
important to industrial applications. Mainly the polymer molecular
weight and concentration determine the viscosity of aqueous PVOH
solutions. There is some agreement that the rheology of aqueous PVOH
solutions is similar to polyethylene oxide (PEO) solutions. This is because
of the similarity in chain structures and hydrogen bonding with water.
Like PVOH, the extent of hydrogen bonding for PEO decreases with an
increase in temperature and pressure, and with addition of electrolytes
into the solution. Thus, the viscosity of PEO solutions decreases with an
increase in temperature and pressure, and presence of electrolytes.
However for PVOH, it has been shown that, in addition, there is also a
strong and influential inter and intra chain hydrogen bonding formed
between the polar hydroxyl groups in the PVOH molecules. In aqueous
PVOH solutions, a part of this hydrogen bonding remains, in addition to
the hydrogen bonding between the PVOH chains and the water molecules
formed newly upon dissolution. The extent of both inter and intra chain
hydrogen bonding, and solute-solvent hydrogen bonding is mainly
determined by the degree of hydrolysis in the PVOH chains, which is
simply defined as the following:

[22]

Degree of hydrolysis=� x 100%
x+y

(1)

Where x and y are the molar fractions of the hydroxyl and the acetate
groups, respectively, specified in the following stoichiometric formula:

Thus, it is expected that these two kinds of hydrogen bonds will play an
important role in determining not only the solubility of the PVOH
solutions but also the viscosity of the corresponding solutions.t!he
advantage of using the PVOH system is that the extent of both inter and
intra chain hydrogen bonding and solute-solvent hydrogen bonding can be
adjusted by varying the degree of hydrolysEJ These findings complement
the work on the rheology of aqueous PEO solutions. The degree of PVOH
hydrolysis is an important additional variable that needs to be studied to
further understand the role of hydrogen bonding in controlling the
rheological properties of aqueous paper coatings.
4.2. Effect of Degree of Hydrolysis of PVOH on Rheology
It is well documented that the solubility of PVOH in water is primarily
determined by the degree of hydrolysis. Very high degrees of hydrolysis,
98% or greater, make the polymer highly crystalline and enable strong
inter and intra chain hydrogen bonds to form. Thus, the solubility of
PVOH decreases significantly with an increase in the degree of hydrolysis,
especially in the range near 98%. For a highly hydrolyzed PVOH, 98%, a

[23]
preparation temperature of above 80 ° C is required for complete
dissolution in water in an acceptable time. It is believed that, for this
polymer, inter and intra hydrogen bonding in the PVOH chains is
disrupted by thermal energy, thus increasing the solubility of PVOH.
Upon cooling, it is expected that inter and intra chain hydrogen bonding
can reform. This interaction between chains gradually increases the
viscosity of the PVOH solutions and a gel structure may be created
depending upon the storage temperature, polymer concentration, and
degree of hydrolysis of the PVOH. Figure 4.1 shows the interrelationship
between apparent viscosity and shear rate for an aqueous PVOH solution
with two different solute concentrations. It is seen from this figure that
the apparent viscosity increases significantly when the polymer
concentration increases from 10 to 15%. After 20days, for the solution
with 15% PVOH, the apparent viscosity significantly increases and a
pronounced shear thinning behavior is observed compared with those
results mentioned previously. For the solution with 10% PVOH, the
rheological properties remain almost unchanged over the same storage
time. This increase of viscosity, for the higher concentration, is most
certainly due to the gradual increase of the extents of inter and intra
chain hydrogen bonding during the storage period of the solution and
hence the increase in interactions and entanglements between the PVOH
chains. The increase of shear thinning behavior with age of the solution
also indicates the presence of stronger polymer chain associations with
time.

[24]
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Fig. 4.1. Apparent viscosity and shear rate interrelationship for two
aqueous PVOH solutions with different PVOH concentration (10
and 15%) at 25 °C.

A PVOH with a degree of hydrolysis below 88% dissolves in water much
more readily at room temperature than one with a higher degree of
hydrolysis and its viscosity shows little change with storage time. The
increase in number of hydrophobic acetate groups, i.e. decrease of degree
of hydrolysis, disrupts the amount of inter and intra chain hydrogen
bonding. Consequently, the solubility of the PVOH increases. The
decrease in association between polymer chains reduces the apparent
viscosity of the PVOH solution. Figure 4.2 shows this effect upon the
apparent viscosity of two aqueous (10%) PVOH solutions with different
degrees of hydrolysis. It is noticed that the solution with a degree of
hydrolysis of 98% shows a higher viscosity than the solution with a degree
of hydrolysis of 88%, although the molecular weight of the former solution
was lower than that of the second solution.
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Fig. 4.2. Apparent viscosity and shear rate for a 10% PVOH
solutions, T=25 ° C.; MW= 72,000 for 98% PVOH and
100,000 for 88% PVOH, respectively.
A relatively different result is obtained when comparing the apparent
viscosity of PVOH solutions with lower degrees of hydrolysis; see Fig. 4.3.
The data shows that the apparent viscosity of the solution with a degree of
hydrolysis of 72.5% is significantly higher than that of the solution with a
degree of hydrolysis of 78%, PVOH. As mentioned earlier, the presence of
the hydrophobic acetate groups in the PVOH chains reduces inter and
intra chain hydrogen bonding. As a consequence, the solubility of the
PVOH is enhanced due to the increase of the degree of hydrogen bonding
between the PVOH chains and water molecules. An increase of viscosity
with an increase of interactivity between solute and solvent is anticipated.
Based upon the above results, a generalized schematic diagram of the
interrelationship between solution viscosity and degree of hydrolysis and
between solubility and degree of hydrolysis for aqueous PVOH solutions
can be drawn (Fig. 4.4). In this, apparent viscosity shows a decrease with
an initial decrease in the degree of hydrolysis and then an increase with a

[26]

further decrease in the degree of hydrolysis. On the other hand, the
solubility shows a maximum with variation of extent of hydrolysis. The
viscosity and degree of hydrolysis curves are functions of polymer
molecular weight, solute concentration, storage time of the solution, and
ambient temperature. It is also worth mentioning that the interaction
between solute and solvent decrease with a further increase in the
number of acetate groups in the PVOH chains. This is due to the
increasingly hydrophobic influence of the additional acetate groups. As a
result of this effect, the PVOH now becomes insoluble in water when the
degree of hydrolysis falls below 70%.

•

f •12. .s"'
l • 1R �

Shear Rate

Fig. 4.3. Influence of shear on apparent viscosity of rate 10%
PVOH solutions with different degrees of hydrolysis,
T=25 ° C; molecular weight is 37,500 for both polymers.
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-- ·----------,,ii'

70%

Degree of hydrolysis

100%

Fig.4.4. Interrelationship between apparent viscosity, degree of
hydrolysis, and solubility for PVOH solutions.

5. COATING COLOR FILTRATION
The flow of liquid through a porous media or filter, is governed by the
Darcy equation. For finite 1-D flow, it may be stated as
Q = - (KA)(L1p /N.,)

Where,
Q

=

Volumetric flow rate (m3/s or ft3/s),

A

=

Flow area perpendicular to L (m2 or ft2),

K

=

Media permeability (mis or ft/s),

�p

=

Hydraulic head (m or ft) change over path length �L
length (m or ft)

The above equation assumes that viscosity of liquid does not change with
shear and that shear conditions, under flow, remains constant through

[28]

out. Coating colors may show strong thixotropy or dilatency. The shear
through the filter may not be constant through out especially as debris
from the coating color forms a cake on the screen. This makes the above
Darcy equation unacceptable for most paper coatings.

6. EXPERIMENTAL DESIGN
6.1. Coating Color Formulation
Extreme care was taken to maintain uniformity of the coatings,
formulation parameters, and their stress history. All coatings were
prepared at room temperature. Mixing was done at 1200 RPM for 20
minutes. Order of addition was kept the same for all coatings. All
pigments and polymers were prepared separately. A pre-weighed amount
of a 30% solids silica slurry and 50% solids precipitated calcium carbonate
slurry were mixed under high shear then the speed on the mixer was
reduce and the PVOH and PVP added, respectively. Water was added last
to adjust the total solids to the levels shown in Table 5.3.
In order to relieve the coating of stresses that might have been induced by
the mixing process, all coatings were kept over night for stress relaxation.
Experiments were conducted incorporating conventional coating pigments
that may find application due to their cost considerations, into the silca
coatings. The silica coatings were prepared at 17%, 20% and 23% solids.
Three different pigment to binder ratios (PTBR) 10, 5, and 2.5:1 were
prepared. The formulations of the coatings prepared are shown in Table
6.4.

[29]

Rheological measurements were performed on a Rheometrics dynamic
stress rheometer, DSR 5000, using 25 mm, cone and plate, parallel plate,
and couette geometries at 25 ° C. The cone used had a 2 ° angle and
required a 0.5mm gap setting. The gap of the parallel plate was set and
maintained at 2mm. The temperature was controlled with a circulating
water bath. Dynamic stress sweeps were first performed to determine the
stresses within the linear viscoelastic regime. Dynamic frequency sweeps
were then performed at a stress in the linear region. Steady stress sweeps
were also performed to determine the yield stress for each coating.

6.2 Material Specifications

The following pigments and binders were used in the preparation of the
coatings:
Gelled Silica

Sylojet (Grace Davison)

CaCO3

Hydrocarb 90 (Omya)

PVOH

Airvol 203 (Air Products)

Cationically modified PVP

Gafquat 755 (ISP)

6.3. Experimental Setup for Filtration Studies
The set-up is explained in the schematic diagram below.

[30]

Valve 1

Gauge 2

Filter

Gear Pump

olre 2

Gauge 1

Valve 1

Rtservolre 1

Fig. 6.1. Schematic diagram of filtration set up

Coating color was pumped from reservoir 1 with a variable speed gear
pump. Two pneumatic pressure gauges were placed before and after the
filter to enable the inlet and outlet pressure to be measured. The flow rate
was controlled by valve 1 whereas the filter's back pressure was controlled
by valve 2. The filter screen could be changed without disturbing the
assembly. Changing the pump speed and flow rate by making adjustments
to valve 1 created different shearing conditions.
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6.4 Coating Color Composition
Keeping pigment to binder ratio constant and changing the% coating
solids, the following coatings were prepared:

6.4.1 (a) Table 1. Coating composition at 17 % coating solids
Silica
CaC03

PVOH
PVP

A

B

C

D

100

80

60

40

60

60

60

20

40

5

5

60

60
5

80
5

6.4.1 (b) Table 2. Coating composition at 20 % coating solids
Silica
CaC03

PVOH
PVP

A

B

C

D

100

80

60

40

60

60

60

20

40

5

5

60

60
5

80
5

6.4.l(c ) Table 3 - Coating composition at 23% coating solids
Silica
CaC03

PVOH
PVP

A

B

C

D

100

80

60

40

60

60

60

20

40

5

5

60

60
5

80
5
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Keeping the% solids constant (20%) and changing the pigment to binder
ratio the following coatings were prepared:

6.4.2

(a) Table 4 - Coating composition at 10:1 Pigment to
binder ratio

A

B

C

D

Silica

100

80

60

40

CaCOa

20

40

60

80

PVOH

12

12

12

12

PVP

5

5

5

5

6.4.2

(b) Table 5 - Coating composition at 5:1 pigment to
binder ratio

A

B

C

D

Silica

100

80

60

40

CaCOa

20

40

60

80

PVOH

24

24

24

24

PVP

5

5

5

5

6.4.2

( c ) Table 6 - Coating composition at 2.5:1 pigment to
binder ratio
A

B

C

D

Silica

100

80

60

40

CaCOa

20

40

60

80

PVOH

40

40

40

40

PVP

5

5

5

5

7.
8.

[33]

7. RESULTS AND DISCUSSION
Dynamic stress and frequency sweeps were run on the coatings to
determine the amount and strength ofinteraction between coating
components. A dynamic stress sweep applies a range ofsinusoidal
deformations (stresses), each at a constant frequency. Low stresses are
first applied to determine the limits ofthe linear viscoelastic regime. In
this regime, bonds are distorted, but not broken, above this limit, bonds
are broken and flow begins. The point at which flow begins is called the
yield stress. The higher the yield stress, the stronger the bonds or degree
of interaction between components.
Figure 7 .1 compares the dynamic stress sweeps ofthe four different
coatings at three different solid levels: 23, 20, and 17%. For almost all the
coatings, the viscous modulus is greater than the elastic modulus and as
the% calcium carbonate in the coating increased the viscous modulus
increases. The viscous modulus ofcoating A, which contains the highest
percentage ofsilica has the highest G" value and highest yield stress. The
coating that exhibited a different behavior from the others is the coating
containing equal parts CaC03 and silica (coating C). The viscous modulus
ofthis coating lies between coating A and B, suggesting an increase in the
degree ofinteractivity between the coating components. The difference in
G" values between coatings suggests a strong dependence of G" on the
amount ofPVOH-silica interactions. The lack ofa strongly defined power
law region for any ofthe coatings suggest that there are many kinds of
structures ofvarying strength present in the coating. For each coating,
the viscous and elastic yield points increased with solids. The elastic
modulus is highest for the coating containing the largest percentage of

[34)
silica. The well-formed elastic modulus curves in the power law region
suggests that the interactions are limited to one type. Like the viscous
modulus, the elastic modulus of the coating containing equal parts CaCOa
and silica shows an upward shift.
A dynamic frequency sweep applies a sinusoidal deformation of constant
peak amplitude over a range of frequencies. Me-asurements are taken at
each frequency. Since frequency is inverse of time, the time dependent
behavior of the viscous and elastic component of the coating can be
determined. Low frequencies correspond to long recovery times, while
high frequencies correspond to short recovery times.

Figure 7 .2 shows a strong time dependent behavior of the viscous
modulus. As the frequency is increased, or time allowed for the
interactive bonding forces to recover decreased, the coatings become more
elastic or solid like in nature. The same is observed for the elastic
modulus, at the 23% solids level. The time dependent behavior of the
elastic modulus at the 23% solids level, indicates that the critical packing
volume for the coatings containing more than 50% CaCOa must lie some
where between the 20-23% solids range for this PTBR.

[35]
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Figures 7.3 to 7.6 show the influence of binder on the viscoelastic
properties of the coatings containing different amounts of silica. For all
the coatings, the 5:1 PTBR appears to have the greatest influence on the
viscoelastic properties, especially for the coatings containing the higher
percentages of silica. Coating A, having maximum amount of silica, has
the maximum G' at all PTBR. On other hand, Coating D containing the
minimum silica and maximum CaC03, always has the lowest G'. the
elastic modulus is greater than the viscous modulus at the PTBRl and
PTBR2 but at PTBR3 viscous modulus is greater. This indicates that the
coatings become viscous at a PTBR > 2. At PTBR 3, PVOH seems to have
saturated all silane active sites thus making a system where PVOH-water
provides a medium. The increase in G' as the PTBR increases from 1 to 2
and subsequent drop in G' as the PTBR increases to 3 suggests that the
"binder demand" for coatings A is just over 2. For Coating C it's just below
2 because it continues to drop as PTBR increases from 1 to 2.
The relaxation characteristics of a coatings relate to recovery of structures
as stress is withdrawn. This is be simulated by a frequency sweep. As the
frequency increases, less time is available to recover the structure.
Coating D, which seems to have a PVOH-water system, recovers faster
than other coatings.
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Fig. 7 .5. Influence of binder level on viscoelastic properties of
coating C, 20 %solids.
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All coatings have lower G" than G' at 17% and greater G" than G' at 23%
where at 20% they all seem to have almost same G' and G" values. Thus
at around 20% coating solids all coatings are behaving as perfectly
viscoelastic fluid whereas at lower coating solids they are more elastic
than viscous and at higher coating solids more "viscous" than elastic. For
this grade of silica and PVOH, the crossover pofot is somewhere near the

Effect of Coating solids on Silica
PVO H Coating
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Fig. 7 . 7. General trend of silica coatings with% coating solids. At
around 20% coating solids coatings become "Viscous".
20% coating solids level. Assuming the general shape of the curve in Fig.
6.41 to approximate the viscoelastic behavior of the coating, coatings
containing less than 20% solids are more "elastic" than viscous but above
20% are more "viscous" in nature.
As the concentration of coating solids increases, the spread between the G'
values narrows. At 23% solids they are almost the same. At 23% solids,
coating A and B have sharply lower G' values than at 20% and 17%. But
the G' values for coatings C and D remain unchanged from 17- 23% solids.

[43]

This suggests that the silica-PVOH interactions are strongest near the
20% coating solids.

Effect of Silica Content on
storage Modulus of Silica
· -PVOH
coatings
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Fig. 7 .8. General trend of Elastic Modulus as silica content of coatings
increases. C2 has more Silica as fraction of pigments than Cl.
For coating A and Bthe viscous modulus remains the same at 20 and 23%
but is significantly higher than the 17% solids G" value, suggesting that
near the 20% solids point, the binder-silica interactions reach a maximum.
So any increase in amount of silica (to increase active sites) or solid level
(to improve interaction) of coating beyond this solids point does not result
in an increase in the number of binder-silica interactions. For coating C
and D, the viscous modulus increase as the% coating solids is increased.
At 23% solids, coating Chas a higher G" than coating Band D. Both
coatings Band D have sharply

[44]

Effect of Silica Content on
Viscous Modulus of Silica-PVOH
Coatings
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Fig. 7.9. General trend of Viscous Modulus (G") with% coating solids and
fraction of silica of total pigments. Coating C2 has more silica
(fraction of total pigment than coating Cl.

lower G" values at 17 and 20% solids, suggesting silica-PVOH interactions
hinder the affect of CaCoa at higher coating concentrations.

The elastic modulus (G') is a measure of number and strength of
structures in the wet coating. Because it is dropping as the PTBR is
changed from 2 to 3, less structure must be present. At the PTBR of
3, the binder seems to have saturated all its active sites available to
interact with the silica. As a result, the combined system of silica-PVOH
structures immersed in the "medium" (PVOH) has the stress response
that of the "medium" (PVOH). Interestingly, this also suggests

[45]
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Fig. 7.10. Effect of Pigment to Binder ratio (PTBR) on Silica-PVOH
Coatings.
that the true binder demand of the pigments, for this grade of silica and
PVOH, lies somewhere in between the PTBR of 2·3. The CaC03 appears to
hinder the silica·PVOH and intra PVOH interactions. As the fraction of
CaC03 increases loss of elasticity becomes dominant, especially at higher
coating solids. The CaC03 appears to make the coatings more "viscous".
This effect of CaC03 on coating rheology is in line with findings by Huang
et al.

8. CONCLUSIONS
1. The general shape of the viscous and elastic modulus curves for the
coatings suggests that a cross over point occurs near the 20% solids
levels. Below this point, the coatings are more elastic than viscous.
Above this point, the coatings are more "viscous" than elastic.

[46]
2. The presence of a crossover point indicates that that the silica-PVOH
interactions are near maximum at this point.

3. As the coating solids increased, the difference between the G' and G"
values increased.

4. Coatings containing higher amounts of silica were found to be more
interactive than the other coatings, indicating that the CaCOa
interferes with the interactions between the silica and PVOH.

5. The elastic modulus values of the coatings decreased as the PTBR
decreased from 5:1 to 2.5:1. Since the G' is a measure of the number
and strength of structures present in the wet coating, it is concluded
that at the lower PTBR ratio, the hydroxyl groups on the PVOH are
completely interacted with the silica particles.

6. The true binder demand of the coatings, for this grade of silica and
PVOH, lay somewhere in between PTBR of 5 and 2.5:1.

7. The CaCOa particles hinder the silica-PVOH and intra PVOH
interactions. As the fraction of CaCOa increased the loss of coating
elasticity became more prominent, especially at the higher coating
solids.

8. The addition of CaCOa caused the coatings to become more "viscous".
This effect of CaCOa on coating rheology is in line with findings by
Huang et al.

[47]
9. Filtration studies did not produce any trend. All coatings had the same
pressure development with time. There seems to be no relationship
between coating rheology and pressure drop across the screen.

9. FUTURE STUDIES
Additional studies are needed to establish a relationship between the
performance characteristics of the coatings on d_ifferent coaters under
varying stress conditions during application, metering and leveling, to the
rheological parameters studied. Pilot plant or commercial studies should
be performed to obtain this data. The effect of coating rheology on the
immobilization solids and properties of the final coating layer, i.e.,
smoothness, coating bulk, air permeability, and ink receptivity properties
could provide useful insights on how the pigments interactions influence
the structure of the final coating layer.

A study to determine the shear forces experienced during the pumping,
filtering, application, metering and influences the rheology of the coating
with different shear histories would also be useful.
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APPENDIX
11.1 Coating A 23% at PTBR 5:1
S = 10 (motor speed)
Time
Min
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00

Input
psi
5.00
10.00
12.00
14.00
15.00
17.00
18.00
18.00

Outlet
psi
0.00
0.00
0.00
2.00
2.00
2.00
2.00
2.00

Delta
psi
5.00
10.00
12.00
12.00
13.00
15.00
16.00
16.00

S = 16 (motor speed)
Time
min
0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00

Input
psi
35.00
48.00
49.00
46.00
49.00
49.00
49.00
50.00
50.00

Outlet
psi
4.00
4.00
3.00
3.00
3.00
3.00
3.00
2.00
3.00

S = 20 (motor speed)

Delta
psi
31.00
44.00
46.00
43.00
46.00
46.00
46.00
48.00
47.00

[51]

Time
Min
10.00
20.00
30.00
40.00
60.00
70.00
80.00

Input
psi
17.00
19.00
20.00
21.00
23.00
25.00
27.00

Outlet
psi
12.00
12.00
12.00
12.00
12.00
12.00
12.00

Delta
psi
5.00
7.00
8.00
9.00
11.00
13.00
15.00

11.2 Coating Bat 23% at PTRB 5:1
S = 20 (motor speed)
Time
Min
10
20
30
40
50
60
70
80

Input
psi
17
19
20
21
23
25
27
30

Outlet
psi
12
12
12
12
12
12
12
12

Delta
psi
5
7
8
9
11
13
15
18

[52]

11.3 Coating A at 23% at PTBR 2.5:1

S = 20 (motor speed)
Time
Min
10
20
30
40
50
60
70
80

Input
psi
17
19
20
21
23
25
27
30

Outlet
psi
12
12
12
12
12
12
12
12

Delta
psi
5
7
8
9
11
13
15
18

Confirmatory Run at 19%

Dynamic Stress Sweep
Coating A at 19%
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Cofirmatory run at 22%
Dynamic Stress Sweep
Coating A at22%
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